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PREAMBLE
This memorandum is intended to frame discussion on expectations from the field
implementation of sulfate reduction. The purpose of the modeling is to provide order-of-
magnitude estimates for the duration of treatment required to attain remedial goals. The
memorandum presents theoretical modeling results - mathematical relationships describing
processes in the subsurface with estimated parameter inputs. Disagreement on the modeling
results should center on what the model does and does not include, what the model assumes,
and appropriate input parameters based on field observations. Accuracy is not implied by the
number of significant digits presented in the memo, these are only for relative comparisons.
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EXECUTIVE SUMMARY

This memorandum describes a screening level evaluation of enhanced bioremediation (EBR)
applied to NAPL source zone targets outside the SEE treatment zones at ST012. The model is
based on a mass balance for the NAPL source zones. Contaminants dissolve out of the NAPL
into surrounding groundwater and then undergo biological degradation. Remediation is
complete when contaminant fractions in the NAPL are reduced to levels that no longer impact
groundwater above cleanup goals. The duration to attain this goal is known as the time of
remediation (TOR). The evaluation assumes a range of initial conditions and applies three
bioremediation models of varying complexity. Sulfate reduction was selected as the
bioremediation process to be enhanced with the underlying assumption that the addition of
sulfate will accelerate the degradation of contaminants.

Detailed numerical calculations for monitored natural attenuation before and following a
hypothetical application of SEE were performed previously using the SEAM3D Model and are
presented in Appendix M of the TEE Pilot Test Evaluation Report (BEM, 2011). Those
calculations were very complex; however, depletion of individual source zones can be
estimated to the same order-of-magnitude with straightforward mass balances that include the
same mechanisms of remediation averaged over each target NAPL source soil volume. Details
of the volume-averaged model are provided in Appendix B.

Calculated times of remediation (TOR) for untreated EBR targets are summarized in Table ES1
based on depleting benzene from NAPL with sulfate reduction to levels equivalent to MCL using
a model of Monod kinetics, NAPL volume estimates from Amec Worksheets, and an initial
sulfate concentration of 8,000 mg/L. The four scenarios presented are based on four different
approaches to estimating the residual NAPL volume remaining (calculated saturation, literature
saturation and two different total soil porosities). The timeframes assume EBR is operated until
RAOs are attained without follow-on MNA (shortest timeframe). Results for first order
degradation with a sustained decay constant of 0.0125 day'are included for comparison.

Table ES1. TOR for NAPL Depletion with Sulfate Reduction

Aquifer Zone |Mass Transfer| Calculated Calculated Literature Literature
- Kinetics Coefficient, | Target NAPL | Target NAPL | Target NAPL | Target NAPL
kn Volume Volume Volume Volume
Porosity=0.3 | Porosity=0.4 | Porosity=0.3 | Porosity=0.4
1/day years years years years
UWBZ — 1° Order 0.05 18.9 12.7 22.0 22.4
UWBZ — 1° Order 0.0042 58.2 37.6 68.2 69.1
UWBZ — Monod 0.05 92 84 102 126
UWBZ — Monod 0.0042 133 111 152 178
LSZ — 1°* Order 0.05 15.7 10.8 30.7 333
LSZ — 1°* Order 0.0042 51.1 333 103 110
LSZ — Monod 0.05 13.2 9.4 28.0 36.1
LSZ — Monod 0.0042 524 36.2 104 116
-2 -
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Notes: First order degradation rate constant of 0.0125 d!, assumed to be applicable for
all time independent of sulfate concentration and biomass conditions.

For a background death rate of 0.001 d, the microbial population did not grow in
the UWBZ, the injected sulfate was not utilized, and the TOR was over 200 years based
primarily on the dissolved phase exiting the source soil volume. For the UWBZ, the
background microbial death rate was set to O to allow the biomass to grow slowly
{limited by the utilization rate); very little of the injected sulfate was utilized.

In the LSZ, the initial distribution of excess sulfate (8,000 mg/L) was utilized or
washed out of the soil volume in 3 to 4 years; however, the microbial concentration
grew and utilized ambient sulfate entering the volume to complete the process along
with dissolved mass flowing out of the volume.

Based on the model and underlying assumptions, the concentration of sulfate reducing bacteria
grew to a stationary phase concentration around 3 to 4 mg/L in both zones, when growth
occurred. The growth period was approximately 12 to 24 months in the LSZ. The growth period
in the UWBZ was on the order of 35 to 40 years assuming a zero death rate. The UWBZ growth
was slow and the results were very sensitive to the death rate as a result of the low utilization
rate. The calculated TOR was not strongly influenced by the assumed initial biomass
concentration (0.01 mg/L). Based on the model NAPL compositions, initial sulfate
concentrations exceeding 8,000 mg/L provided no improvement in the TOR.

Conditions in the UWBZ are known to be evolving (BEM, 2011); therefore, calculations for the
UWBZ were repeated assuming subsurface conditions could be manipulated to improve
utilization rates of hydrocarbons by a factor of ten over the calibrated values from 2011. The
results are provided below in Table ES2 where only the higher mass transfer coefficient, higher
utilization rate, and lowest NAPL mass estimate yielded a timeframe less than 20 years.

Table ES2. TOR for UWBZ NAPL Depletion with Sulfate Reduction (Utilization x 10)

Aquifer Zone |Ambient] Mass Calculated | Calculated | Literature | Literature
Flow |Transfer| Target NAPL |Target NAPL| Target NAPL |Target NAPL

Coeff. Volume Volume Volume Volume
Porosity=0.3 [Porosity=0.4| Porosity=0.3 |Porosity=0.4

gpm years years years years

UWBZ — Monod 4.4 0.05 92 84 102 126
(vim* Table 8)
UWBZ - Monod 4.4 0.05 27.8 16.6 339 415
(Ui™*x10)
UWBZ — Monod 4.4 0.0042 61.2 42.9 71.3 76.7
(Uim*x10)
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1. Conceptual Site Model Summary

A comprehensive conceptual site model (CSM) including the UWBZ, LPZ and LSZ is presented in
Appendix A of the TEE Pilot Test Evaluation Report (BEM, 2011). The geologic materials in the
saturated zone are subdivided into five main hydrostratigraphic units described from the
bottom upwards (BEM, 2003):

e The Aquitard, occurring at approximately 260 ft to 245 ft bgs;

e The LSZ extending from approximately 245 ft to 210 ft bgs;

e The LPZ, extending from approximately 210 ft to 195 ft bgs;

e The UWBZ, extending from approximately 195 to 160 ft bgs; and
¢ The Cobble Zone, extending from approximately 160 ft to 145 ft.

Lithologic descriptions of the zones can be found in Table A.3.3.1.1 1 (BEM, 2011). In January
2010 the water table at Site ST012 was approximately 158 ft bgs and rising at an average rate of
3.4 ft per year. The horizontal gradient of both the LSZ and UWBZ averaged 0.005 feet per foot
(ft/ft) toward the east.

In 1998, two pumping tests were conducted in the LSZ after it became completely saturated
(BEM, 1998a). The conductivity values derived from these pumping tests ranged from 18 ft/day
to 40 ft/day. In 2006, an aquifer test was conducted and analyzed using five different methods
for hydraulic conductivity. Results provided an average conductivity of 37.7 ft/day. Similar
conductivity values (about 40 ft/day) were derived from a pumping test performed in June 2003
(BEM, 2006). Mean hydraulic conductivity for the calibrated LSZ groundwater flow model of
2011 (BEM, 2011, Appendix M) was 16 ft/day. In the UWBZ, previous modeling with SEAM3D
(BEM, 2011, Appendix M) assumed a mean hydraulic conductivity of 12.7 ft/day and slug test
modeling by HGL vielded an estimate of 13.4 ft/day (HGL, 2005).

Similar site gradients are reported in Appendix E of the Draft Final ST012 RDRA Work Plan
Addendum #2 for EBR (Amec Foster Wheeler, March 2016). However, the hydraulic
conductivity values of 3 and 1.5 ft/day for the LSZ and UWBZ, respectively, in Appendix E are
significantly lower than previously reported. Appendix E presents a hydraulic conductivity of 70
ft/day for the CZ. The site hydrogeologic properties for the present modeling are summarized in
Table 1. The hydraulic conductivities employed in the BEM modeling of 2011 for the UWBZ and
LSZ are employed. The NAPL-impacted soil volumes and transect widths in Table 1 are those
reported in Appendix E and represent pre-SEE conditions.

Table 1. Pre-SEE Source Zone Physical Properties and Dimensions

Aquifer NAPL-Impact| Transect Thickness* | Hydraulic |Ambient GW| Ambient
Zone Soil Volumen Width Conductivity | Velocity GW Flow Q
Vs W Z U
ydn3 ft ft ft/day ft/day gpm
CZ 40,000 220 15 70 0.343 5.9
UWBZ 153,000 320 35 12.7 0.0635 3.7
LPZ 122,600 - 15 - - -
LSZ 241,200 355 24% 16 0.080 3.6
-4 -
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A The NAPL-impacted soil volumes were taken from Appendix A (BEM, 2011)

* The LSZ thickness impacted by NAPL is assumed to be 234 — 210 ft bgs = 24 ft
Note: The horizontal gradient for all zones is assumed to be 0.005 ft/ft

Note: Baseline porosity for all zones is assumed to be 0.30

The total ambient flow of groundwater through each zone (Q) depends upon the thickness (Z)
and width (W) of the NAPL-impacted soil in each zone perpendicular to the direction of
groundwater flow as well as the soil porosity {$=0.30). The total flow through each zone, Q, is
listed in Table 1 and calculated as follows:

Q = v,@ZW = UZIW

For the EBR evaluation, the initial target NAPL-impacted soil volumes are assumed to be the
areas untreated by SEE and those assumed to be in the SEE radius of influence but outside any
thermal influence. The target volumes were determined from the total NAPL-impacted soil
volume for each zone presented in Mass Extent Evaluation Worksheet “Post-SEE mass” dated
3/17/17 and the soil volumes presented for the TTZ and TIZ. The calculated target EBR soil
volumes are listed in Table 2 and illustrated in Figures 1 through 3 for the CZ, UWBZ and LSZ.
Estimated transect widths are also illustrated in the figures and included in Table 2 to estimate
the ambient groundwater flows through the target volumes.

Table 2. Physical Properties and Dimensions of Initial EBR-Targeted Source Zones

Aquifer Target NAPL Transect Thickness | Hydraulic |Ambient GW| Ambient
Zone Soil Volumen Width Conductivity | Velocity GW Flow
Vs W Z U Q
ydn3 ft ft ft/day ft/day gpm
cz 3,139 120 15 70 0.343 3.2
UWBZ 122,556 380 35 12.7 0.0635 4.4
LPZ 42,616 - 15 - - -
LSz 38,500 350 24* 16 0.080 3.5

A Target NAPL soil volumes calculated from Mass Extent Evaluation Worksheet “Post-
SEE mass” by subtracting TTZ and TIZ from Total for each zone.
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Figure 1. Conceptual Model for EBR CZ NAPL Depletion (Mass Extent Evaluation Figure 2)

Figure 2. Conceptual Model for EBR UWBZ NAPL Depletion (Mass Extent Evaluation Figure 4)

Figuré 3 Conceptual Model for EBR LSZ NAPL Depletion (Mass Extent Evaluation Figure 8)

-6 -

ED_005025_00000882-00006



3. NAPL Volume Estimates for EBR and NAPL Composition

Target NAPL volume estimates for EBR in each zone were calculated similarly to the soil
volumes described above. For this TOR evaluation, the initial target NAPL volumes are assumed
to be those from areas untreated by SEE and those assumed to be in the SEE radius of influence
but outside any thermal influence. The target NAPL volumes were determined from the NAPL
volumes for each zone presented in Mass Extent Evaluation Worksheet “Post-SEE Mass” dated
3/17/17. The calculated target NAPL volumes are listed in Table 3 and correspond to the areas
illustrated in Figures 1 through 3 for the CZ, UWBZ and LSZ. Four scenarios presented are based
on four different approaches to estimating the residual NAPL volume remaining (calculated
saturation, literature saturation and two different total soil porosities). The Mass Extent
Evaluation Worksheet assumed a total soil porosity of 0.3 and Table 3 includes NAPL estimates
based on the same saturations but calculated with a total soil porosity of 0.4.

Table 3. Initial EBR-Targeted NAPL Volume

Aquifer Target NAPL | Calculated” | Calculated™ | Literature* | Literature*
Zone Soil Volume | Target NAPL | Target NAPL | Target NAPL | Target NAPL
Vs Volume Volume Volume Volume
Porosity=0.3 | Porosity=0.4 | Porosity=0.3 | Porosity=0.4
yd~3 gal gal gal gal
cz 3,139 2,663 2,282 1,902 2,536
UwBZ 122,556 250,999 215,142 294,399 395,887
LSZ 38,500 54,821 46,989 110,682 155,783

A Target NAPL volumes estimated from calculations for residual saturation
based on measured soil TPH concentrations.
* Target NAPL volumes estimated from literature values for residual saturation.

Based on various chemical analyses, different NAPL compositions were developed for the
UWBZ and the LSZ for modeling in the TEE Pilot Test Evaluation. The pre-SEE model
compositions for the UWBZ and LSZ are listed in Tables 4 and 5, respectively, and the mass
fractions are taken directly from Table 4.1.1.1 {(BEM, 2011). The UWBZ was unsaturated at the
time of NAPL release and was subjected to soil vapor extraction from 1997 to 2003. The rising
water table entered the bottom of the UWBZ (~195 ft bgs) during 1998 and reached the fine-
grained unit separating the top of the UWBZ from the overlying CZ (~172 ft bgs) in 2004. Hence,
the residual NAPL in the UWBZ was initially weathered by natural volatilization and further
weathered by soil vapor extraction before becoming submerged. The result is a lower mass
fraction of volatile compounds than found in the deeper LSZ NAPL that was weathered
primarily by dissolution, a slower process.
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Table 4. Model NAPL Composition for the UWBZ and Solubility at 25 C

C# NAPL Component / Mass Mole Pure Equilibrium
Surrogate Compound Fraction, | Fraction, | Solubility, Concentration,
% y C' {mg/L) Ced (mg/L)

Aromatic Compounds of Concern

6 Benzene 0.222 0.00347 1790 6.21

7 Toluene 0.73 0.00966 526 5.08

8 Ethylbenzene 0.97 0.01114 169 1.88

8 m&p-Xylenes 1.73 0.01987 161 3.20

8 o-Xylene 0.62 0.00712 178 1.27

10 Naphthalene* 0.57 0.00542 31 0.56
Other Aromatic Constituents

9 1,2,4-Trimethylbenzene 2.00 0.02029 57 1.16

9 1,3,5-Trimethylbenzene 0.45 0.00456 48 0.220

9 1-Methyl-3-ethylbenzene 1.86 0.01890 35 0.667

9 Isopropylbenzene 0.28 0.00284 61 0.174

9 n-Propylbenzene 0.38 0.00385 52 0.201

10 1,2,3,5-Tetramethylbenzene 6.77 0.06151 28 1.72

11 1-Methylnaphthalene 2.72 0.02334 25 0.584
Isoalkanes

6 2-Methylpentane 0.09 0.00129 14 0.018

7 2-Methylhexane 2.94 0.03576 4.4 0.158

8 3-Methylheptane 13.79 0.14716 15 0.215

9 2-Methyloctane 10.34 0.09832 0.48 0.047
Cycloparaffins

6 Cyclohexane 2.70 0.03915 55 2.15

7 Methylcyclohexane 7.02 0.08716 17 1.48

8 Dimethylcyclohexane 3.44 0.03735 8.4 0.314

9 Isopropylcyclohexane 6.53 0.06307 3.1 0.196
n-Alkanes

5 n-Pentane 0.00 0.00000 38 0.000

6 n-Hexane 0.28 0.00397 9.5 0.038

7 n-Heptane 3.48 0.04232 34 0.164

8 n-Octane 5.48 0.05846 0.41 0.039

9 n-Nonane 4.81 0.04568 0.22 0.010

10 n-Decane 4.83 0.04143 0.052 0.022

11 n-Undecane 5.26 0.04104 0.0044 1.81E-04

12 n-Dodecane 4,57 0.03268 0.0037 1.21E-04

13 n-Tridecane 3.48 0.02299 0.0029 6.67E-05

14 n-Tetradecane 1.66 0.01021 0.0022 2.25E-05
TOTAL 100 1.0000 27.7

*Naphthalene has a fugacity ratio of 3.3 (solid at 25 C)
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Table 5. Model NAPL Composition for the LSZ and Solubility at 25 C

CH NAPL Component / Mass Mole Pure Equilibrium
Surrogate Compound Fraction, | Fraction, | Solubility, Concentration,
% y C* (mg/L) €9 (mg/L)

Aromatic Compounds of Concern

6 Benzene 0.83 0.0116 1790 20.7

7 Toluene 2.90 0.0342 526 18.0

8 Ethylbenzene 1.40 0.0143 169 2.42

8 m&p-Xylenes 2.20 0.0225 161 3.63

8 o-Xylene 0.83 0.0085 178 1.51

10 Naphthalene* 0.50 0.0042 31 0.13
Other Aromatic Constituents

9 1,2,4-Trimethylbenzene 1.10 0.0100 57 0.57

9 1,3,5-Trimethylbenzene 0.37 0.0033 48 0.16

9 1-Methyl-3-ethylbenzene 1.15 0.0104 35 0.37

9 Isopropylbenzene 0.28 0.0025 61 0.16

9 n-Propylbenzene 0.37 0.0033 52 0.17

10 1,2,3,5-Tetramethylbenzene 3.98 0.0323 28 0.90

11 1-Methylnaphthalene 1.59 0.0122 25 0.30
Isoalkanes

6 2-Methylpentane 3.03 0.0382 14 0.54

7 2-Methylhexane 6.10 0.0662 4.4 0.29

8 3-Methylheptane 11.77 0.1120 1.5 0.16

9 2-Methyloctane 6.68 0.0567 0.48 0.027
Cycloparaffins

6 Cyclohexane 10.30 0.1331 55 7.32

7 Methylcyclohexane 10.00 0.1108 17 1.88

8 Dimethylcyclohexane 2.25 0.0219 8.4 0.184

9 Isopropylcyclohexane 4.28 0.0369 3.1 0.114
n-Alkanes

5 n-Pentane 1.40 0.0211 38 0.802

6 n-Hexane 2.95 0.0372 9.5 0.354

7 n-Heptane 4.90 0.0531 34 0.181

8 n-Octane 4.20 0.0400 0.41 0.0164

9 n-Nonane 3.00 0.0255 0.22 0.0056

10 n-Decane 2.88 0.0220 0.052 0.0011

11 n-Undecane 3.09 0.0215 0.0044 9.48E-05

12 n-Dodecane 2.67 0.0170 0.0037 6.30E-05

13 n-Tridecane 2.03 0.0120 0.0029 3.47E-05

14 n-Tetradecane 0.97 0.0053 0.0022 1.17E-05
TOTAL 100 1.0000 60.9

*Naphthalene has a fugacity ratio of 3.3 (solid at 25 C)
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3. Endpoint for Modeling Remediation

The most stringent interpretation of the cleanup requirement for residual NAPL in the aquifers
is to reduce the mole fraction of components of concern to fractions that yield equilibrium
groundwater concentrations equal to or below RAOs or PRGs for groundwater. For benzene,
the mole fraction yielding an MCL concentration of 5 pg/L at ambient temperature is 0.0000028
based on Raoult’'s Law:

Corct (0.005 %)
YuMmcLbenzene = Csat = mg = 0.0000028
(179077)

As indicated in Tables 4 and 5, the benzene fraction in untreated NAPL at $T012 is more than
three orders of magnitude above this mole fraction. Remedial processes cannot selectively
remove benzene; however, the reduction in mole fraction will be preferential for dissolution as
benzene is the most soluble compound in the NAPL. For naphthalene, the mole fraction yielding
the HBGL concentration of 28 pg/L at ambient temperature is 0.00027 based on Raoult’s Law.
The solubility of pure naphthalene is about 31 mg/L, but naphthalene is already dissolved as a
liguid in the NAPL and the solubility in the water is enhanced according to its fugacity ratio {f)
{(Mukherji et al., 1997):

C
— _HBGL _ L/ _ 000027

(0.02872)
YHBGL naphthalene = Csath - (31 %) (3.3)

The initial naphthalene mole fraction is over one order-of-magnitude higher than desired but
naphthalene has the potential to increase in mole fraction. If more soluble compounds
preferentially dissolve over time, the mass fraction of naphthalene increases in the NAPL as
observed in the UWBZ data. The equilibrium concentrations are calculated similarly for the
other model NAPL components.

4. lIdealized NAPL Depletion Assuming Groundwater-NAPL Equilibrium

As a first approximation for the time to attain RAOs, the depletion process can be idealized by
assuming the NAPL consists of only two components: benzene dissolved in an otherwise
insoluble NAPL. A further assumption of equilibrium between the NAPL and groundwater
following Raoult’s Law relates the groundwater concentration to the mass (mole) fraction of
benzene in the depleting NAPL. A mass balance for the NAPL vyields the benzene concentration
over time as presented in Appendix A. This idealized expression for the time of remediation is,

¢ _ —Mpenzene™MnapL,0 I ( Crao )
RAO ~ =
ngrclzeneMNAPL [Q + (1 - SN)(pVS/lBenzene]

CBenzene,O

The variables are defined in Appendix A. C represents the benzene concentration, M is
molecular weight, m is the initial mass of the NAPL, Q is the flow through soil volume V, S is
NAPL saturation, XA is a first order decay constant.

-10 -
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As an example, consider the soil volume targeted for EAB in the LSZ with the NAPL volume
estimate from TPH concentrations and a porosity of 0.3 as presented in Table 3. Assume all
components all insoluble except benzene,

Ibs kg
Myapro = (54,821 gal) (6.57 ﬁ) (O 4536 E) = 163,373 kg

gal m3 min m?
Q= (3.5 —) 0.0037854 — (60 * 24—) = 19.08 —
min gal day day

3
(1 —Sy)eVs = (1 — 0.0235)(0.3)(38,500 cy) <0.76455 T—y) = 8,623 m®

kg
Mpenzene = 78.114 kmol
_ kg
MNAPL - 1088 kmol
m
Clggrtlzene = 1,790 Tg
Sy = 0.0235
1
ABenzene = 0.0125 M
mg
CRAO - 0005 'T
sat mg
CBenzene,O = YBenzene,OCBenzene = 20.7 T

(78 114 29 )(163 373 kg)( 0-° ’;‘—5) (10—3 ng) (0 005)
i

tRao =
kg mg 20.7
(108 8 o l) (1 790 T ) [19 08 + (8,623 )(0.0125) Ta

trao = 4,302 days = 11.8 years

Hence, if the NAPL and groundwater maintain equilibrium and the degradation rate can be
sustained at 0.0125 d!, MCL for benzene would be achieved in about 12 years. ldealized time
of remediation results for the target EBR soil volumes and NAPL volumes in the UWBZ and LSZ
are presented in Table 6. The input consisted of the volumes in Table 3, the ambient flows in
Table 2, and the benzene solubility and initial mole fractions in Tables 4 and 5. The decay
constants of 0.0125 d* and 0.03 d* are those suggested for EBR by sulfate reduction by Amec

-11 -
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(RD/RA Work Plan, 2014, Addendum 2, 2016). As indicated, the TOR ranged from 10 to 20 years
in UWBZ and 8 to 27 years in the LSZ for a decay constant of 0.0125 d. Calculations with a
decay constant of 0.03 d! yielded shorter timeframes as presented in Table 6. For comparison,
the final two rows provide results for a decay constant of 0.00038 d™ (5 year half-life) expected
to be representative of current methanogenic conditions (BEM, 2011) and display roughly an
order-of-magnitude increase in the TOR. These ranges provide ballpark numbers for assessing
results when the assumptions are relaxed (e.g., multiple dissolving components in the NAPL,
groundwater-NAPL dis-equilibrium, Monod kinetics for degradation).

Table 6. Idealized NAPL Equilibrium Time of Remediation for Benzene

Aquifer Calculated Calculated Literature Literature
Zone Target NAPL | Target NAPL | Target NAPL | Target NAPL
Volume Volume Volume Volume
Porosity=0.3 | Porosity=0.4 | Porosity=0.3 | Porosity=0.4
years years years years
Ai=0.0125d*
UWBZ 16.1 104 19.0 19.5
LSz 11.8 7.8 243 26.7
Ai=0.03d*
UWBZ 7.0 4.5 8.2 8.4
Lsz 5.4 3.5 111 12.0
2i=0.00038d*
UWBZ 170 132 200 245
LSz 67 55 136 182

5. Screening-Level NAPL Depletion Models

NAPL depletion can occur by natural attenuation processes. These processes include mass
transfer from the NAPL, diffusion, dispersion in the groundwater flow field and natural
degradation processes. After recovering mobile NAPL and partially depleting the residual NAPL
through active remedial measures, three primary parameters are involved in the further
depletion of components from the residual NAPL: flow rate, mass transfer from NAPL to water,
and degradation rates (e.g., biological, oxidative, reductive). This section describes a NAPL
depletion model that accounts for these processes using the same parameters as the NAPL
Dissolution package provided in SEAM3D (Waddill and Widdowson, 2000). The mathematical
derivation is described in Appendix B.

The depletion model treats the source zone as a single volume (or several blocks of varying
treatment intensity interconnected by flow entering/exiting) rather than the multitude of
discretized blocks found in a complex numerical model. A single volume block is illustrated in
Figure 4. The depletion model results are equivalent in order of magnitude to more finely
discretized numerical modeling results. Similar depletion models are described in peer-
reviewed literature (Hansen & Kueper, 2007; Marble et al., 2008) and provide TOR estimates
without implementing complex numerical models.

-12 -
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Figure 4. Conceptual Model for Source Zone NAPL Depletion

The governing equations for numerical modeling of a multi-component NAPL in saturated soil
are (Waddill & Widdowson, 2000),

0 d 0C\ 4. ac;
‘a—xj(iji) + a_xj(Djk E) + ECi — 1P + ke (CFT = C) = Ry —
pp OC)
o~ kG -G)

The symbols are defined in Appendix B and the subscript i represents the ith component in the
NAPL. From left to right, the terms in the first equation describe advection, dispersion,
injection/extraction, biological degradation, mass transfer from residual NAPL, and partitioning
by adsorption to soil solids. The second equation is a mass balance on the NAPL components
transferred to the groundwater by dissolution. These equations can be averaged over the
NAPL-impacted soil volume to define a single source term with NAPL that depletes with time
according to the mass transfer rate coefficient ky and the concentration gradient. This single
NAPL source represents an average for the input of multiple NAPL-impacted nodes in the full
implementation of SEAM3D. Integrating the equations over the NAPL-impacted soil volume
yields equations for the average dissolved concentration and the remaining NAPL mass or
moles {N;) for each NAPL component over time. Details of the derivation and underlying
assumptions are presented in Appendix B and vield the following set of first order equations,

dc; 1 I )
_l:—_]:i"*‘kN,i]Ci_ l \N,LNL }NiN
dt R; LpVs R; RiNtotal

i

dNiN _ ¢V5kN,iCisat N [fpvskzv,i] c
dt M;NY. .. l '

This representation is similar to Hansen & Kueper (2007) and Marble et al. (2008); however, the
volume-averaged biological degradation is not found in those models. For a NAPL represented
by 31 components, the number of equations to solve simultaneously is then 62 (dissolved
phase concentration and number of moles in the NAPL for each component). The equations are
interdependent as the equilibrium concentrations are dependent on the mole fractions in the

-13 -
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NAPL through Racult’s Law. These equations are readily solved with Runge-Kutta methods and
yield the depletion of the NAPL over time with only a small number of specified parameters.
The model is run until the mole fraction of each compound of interest in the NAPL yields an
equilibrium concentration equal to the remedial goal. Given an initial NAPL mass and
composition in a given soil volume, Vs, with specified physical properties and degradation rates,
the equations demonstrate that NAPL depletion is governed by three parameters: (1) flow, Q,
(2) the NAPL mass transfer rate coefficient ky, and (3) degradation rates. For first order
degradation, the rate is represented by a rate constant, A;,

Pl = (1 =S4

Alternative degradation kinetics are described in Appendix A for zero order and Monod kinetics
when conditions are not accurately represented by a first order decay constant. Monod kinetics
requires the addition of two first order equations to the system: a mass bass balance on the
electron acceptor (E) and a mass balance on the microbial population (Mec) as summarized
below, with other variables defined in Appendix B,

GE = ymax E — Ci _
' " \K, +EJ\Kf +

£ -l [t -2

A +ve Y Gf‘
i

5.1. NAPL Depletion Calculations for First Order Degradation

dM,.

dt = M,

For the multi-component NAPL (31 components) described in Tables 3 and 4 for the UWBZ and
LSZ, respectively, assuming first order degradation, and including mass transfer between the
NAPL and groundwater, the equations to be solved are,

dC; 17Q _ [k G
— == |4 ky; +(1=5 A-}C-+ ———I NV
dt R; Lsz wat (=504 G {RiNtA(I)tal ‘

AN} _ [‘PVskN,iCisatl NV 4 [¢VSkN,i] c

dt MiNtIY)tal ; Ml l

Other than individual compound properties in Tables 4 and 5, the only additional system
parameter required is the mass transfer coefficient, kn. For screening, this property is assumed
to be equal for all soluble components. Based on the work of Mobile et al. {2016} where a
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range from 0.022 to 0.6 d"! was reported for forced flow conditions, a base value of 0.05 d is
assumed. Higher values push the solution toward the equilibrium assumption while lower
values slow the process. As described in Appendix C, the mass transfer coefficient is expected
to be lower under ambient conditions than the coefficient measured during active water
injection. Using a parametric relationship to relate the forced flow coefficient to an ambient
flow coefficient yielding an ambient flow mass transfer coefficient of 0.0042 d-*.

Calculated times of remediation based on depleting benzene from NAPL to levels equivalent to
MCL are presented in Table 7 assuming first order degradation and a range of mass transfer
coefficients. NAPL models of the UWBZ and LSZ in Tables 4 and 5, respectively, were input
along with the volumes and ambient flows in Tables 2 and 3. A first order decay constant of
0.0125 d* was input for all calculations. The idealized times assuming groundwater equilibrium
with a two-component NAPL are included from Table &6 for comparison. Times were faster than
idealized equilibrium in some cases because the two-component model did not include the
dissolution of other compounds that maintained a higher benzene mole fraction over time in
the multi-component model than in the 2-component model. The timeframes for remediation
were not strongly sensitive to the mass transfer coefficient until the value was lowered to
0.0042 d! representative of ambient flow conditions. This lower mass transfer coefficient
yielded timeframes well beyond 20 years for degradation rate constant of 0.0125 d™*.

Table 7. TOR for NAPL Depletion with First Order Degradation
(Degradation Decay Constant = 0.0125 day™)

Aquifer Zone |Mass Transfer| Calculated Calculated Literature Literature
Coefficient, | Target NAPL | Target NAPL | Target NAPL | Target NAPL
kn Volume Volume Volume Volume

Porosity=0.3 | Porosity=0.4 | Porosity=0.3 | Porosity=0.4
1/da

“ UWBZ - Equil 16.1 104 19.0 19.5
UWBZ 0.5 15.8 10.7 18.4 18.7
UWBZ 0.05 18.9 12.7 22.0 22.4
UwWBZ 0.0042 58.2 37.6 68.2 69.1

LSZ - Equil 11.8 7.8 24.3 26.7
LSZ 0.5 13.0 9.1 24.9 27.2
LSZ 0.05 15.7 10.8 30.7 33.3
LSZ 0.0042 51.1 333 103 110

5.2.  NAPL Depletion Calculations for Sulfate Reduction with Monod Kinetics

First order degradation is not expected to be applicable over the full range of hydrocarbon
concentrations or the injection of sulfate into the subsurface for EBR. Therefore, the depletion
model was also run including Monod kinetics for the multi-component NAPL (31 components)
described in Tables 4 and 5 for the UWBZ and LSZ, respectively. Including mass transfer
between the NAPL and groundwater and adding mass balances for sulfate {C®) and biomass
concentration {Me), the system of equations to be solved are,
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NN

i

B r—.ibio lkNriCisat}
Ri RiNtIY)tal

2

dNiN _¢V5kN,iCisat N [¢VSkN,i] c
dt | MNY, ' :

dE Q1= Q Mecye
Pri [— E+ [m} Chicgrna — TZ G
i

—Ad. +Ye z Gf]
i

dM,,
dt

= M,

GE = ymax E _ Ci' —
! " \K, +EJ\Kf +C;

Additionally, the formulation assumes nutrients are not limiting and only sulfate reduction is

applicable and the biomass vield coefficient, Y, is equal for all hydrocarbons. These equations

also require two auxiliary relationships to constrain microbial population growth. The microbial
population (Mec) is assumed to grow when an excess of sulfate is available in comparison to the
dissolved hydrocarbon mass. The microbial growth stops when insufficient hydrocarbon mass is

available. Mathematically, this condition is represented by (Waddill & Widdowson, 2000),

If | Megp = Z VoG | then Ggg = Z GE =0
i i

in general, the effective death rate is zero with an excess of sulfate and sufficient hydrocarbon
mass. As the sulfate and/or hydrocarbon mass deplete to low levels, the microbial population
begins to die off at a “background” rate. Mathematically, these conditions are represented by

(Waddill & Widdowson, 2000),

d ; d,bk
Ap = maximum[0, A5r5 — Gsgg]

Nomenclature:

Mgrp = mass of microbial population (SRB) per bulk volume of aquifer
)/502_ = sulfate use coefficient for mass of sulfate per mass of hydrocarbon
Vmax

502~ = maximum specific rate of hydrocarbon i utilization for SRB population
K

502~

502
K;

= effective half — saturation constant for sulfate

= effective half — saturation constant for hydrocarbon i using sulfate
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A%,z = effective death rate of SRB microbial population

AZPE — background death rate of SRB microbial population
Yiso‘%_ = biomass yield coefficient (mass of microcolony per mass of substrate i)

The additional parameters required to model Monod kinetics are listed in Table 8. The sulfate
use coefficient, maximum specific rate of hydrocarbon utilization, half-saturation constants,
and biomass vield coefficient are referenced in BEM (Appendix M, 2011). The initial biomass
concentration and background decay rate were employed in the BEM modeling (Appendix M,
2007). The biomass growth was limited to a critical value when dissolved hydrocarbon mass
was insufficient to support further growth as described in the SEAM3D User Manual,
“restrictions on microbial growth may be needed to simulate sites where engineered systems
provide nutrients and EAs to an aquifer for enhanced bioremediation.”

Table 8. Parameters for Monod Kinetics

Parameter UwBZ LSZ Reference
Vsoi yd"3 122,556 38,500 Table 2
Q gpm 4.4 3.5 Table 2
knapL 1/day 0.05 0.05 Mobile et al. (2016)
C°? (backgrnd) mg/L 7.0 7.0 Table M.4.3.2.1
CNO3- (backgrnd) mg/L 8.0 8.0 Table M.4.3.2.1
C3%% (backgrnd) mg/L 200 290 Table M.4.3.2.1
Y504 g/g 4 4 Table M.4.3.5.3
Vi enzene 502~ 1/day | 0.000875 0.0175 Table M.4.3.5.1/2
Ve ohiene,s07- 1/day | 0.001125 0.0225 Table M.4.3.5.1/2
Vithylbenzeneso2~ | 1/day | 0.000875 0.0175 Table M.4.3.5.1/2
V) lones,s02- 1/day | 0.001125 0.0225 Table M.4.3.5.1/2
VNaphthatene,soz~ | 1/day | 0.000125 0.0025 Table M.4.3.5.1/2
Vrms,s02- 1/day | 0.000125 0.00125 Table M.4.3.5.1/2
Vother aromatics,so?| 1/day | 0.000625 0.0125 Table M.4.3.5.1/2
Ksog“ mg/L 1 1 Table M.4.3.5.3
Kis"ff‘ mg/L 5 5 Table M.4.3.5.3
Y g/g 0.2 0.2 BEM (2007)
Misgs,o (initial) mg/L 0.01 0.01 BEM (2007)
ALk 1/day | 0.001/0.0 | 0.001/0.0 BEM (2007)

Enhanced sulfate reduction requires the injection of sulfate dissolved in water. Each pound of
dissolved aromatic compound utilizes ~4 pounds of sulfate, theoretically. To dissolve and treat
aromatic compounds in the NAPL at ST012, Mass Estimate Worksheet “TEA Estimate” describes
the assumption of 30% treatment of the NAPL mass. Hence, the sulfate requirement is found
from multiplying the NAPL mass by 0.3 and then again by 4. The calculated sulfate mass for
each target zone NAPL estimate is provided in Table 9 along with a calculation for the fully
distributed sulfate concentration in the pore water of the respective target soil volume. As
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indicated in Table 9, the initial distributed sulfate concentrations range from 16,400 mg/L to
54,400 mg/L. All of these values exceed recommended maximums (250 mg/L [Cunningham et
al., 2001]; 2,000 mg/L [Sutherson et al., 2011]) and exceed higher values observed to inhibit
sulfate reduction (4,000 mg/L [Al-Zuhair et al., 2008]). The modeling optimistically employed
an initial distributed sulfate concentration of 8,000 mg/L.

Table 9. Initial EBR-Targeted Sulfate Mass and Concentration

Aquifer Zone Calculated™ | Calculated™ | Literature* | Literature*®
Target NAPL | Target NAPL | Target NAPL | Target NAPL
Volume Volume Volume Volume
Porosity=0.3 | Porosity=0.4 | Porosity=0.3 | Porosity=0.4
gal gal gal gal
UwBZ NAPL (gal) 250,999 215,142 294,399 395,887
V=122,556 cy | Sulfate (kg)= | 1,032,067 884,629 1,210,521 1,627,823
Sulfate (mg/L)=| 36,715 23,603 43,064 43,432
LSz NAPL (gal) 54,821 46,989 110,682 155,783
V=38,500cy | Sulfate (kg) = 225,415 193,211 455,106 640,554
Sulfate (mg/L)=| 25,527 16,410 51,538 54,404

Calculated times of remediation based on depleting benzene from NAPL with sulfate reduction
to levels equivalent to MCL are presented in Table 10 using Monod kinetics and an initial sulfate
concentration of 8,000 mg/L. Calculations were performed under two conditions for the Monod
kinetics: (1) injection of slug mixed to an initial distributed concentration of 8,000 mg/L and
then subjected to ambient flow, and (2) injection of slug mixed to an initial distributed
concentration of 8,000 mg/L and then subjected to continuous recirculation such that ambient
flow through the soil volume was zero and the sulfate was retained. The mass transfer
coefficient for ambient flow was assumed to 0.0042 d-! while the recirculation scenario was
assumed to be 0.05 d! similar to the forced flow test. For ambient conditions, the background
sulfate continued entering the source when the initial slug dissipated and was utilized by the
increased biomass. The durations for sulfate depletion from the target soil volume and the
associated residual benzene groundwater concentrations are described in the notes.

Table 10. TOR for NAPL Depletion with Sulfate Reduction and Monod Kinetics
Aquifer |[Ambient| Mass Calculated | Calculated | Literature | Lliterature | Notes
Zone Flow |Transfer| Target NAPL |Target NAPL| Target NAPL |Target NAPL

Coeff. Volume Volume Volume Volume
Porosity=0.3 |Porosity=0.4| Porosity=0.3 |Porosity=0.4
gpm day™ years years years years
UWBZ | 4.4 |O0.0042 133 111 152 178 1
UWBZ 4.4 0.05 92 84 102 126 1
UWBZ 0.0* 0.05 126 116 140 174 2
INYA . 0.0042 52.4 36.2 104 116 3
INYA . 0.05 13.2 9.4 28.0 36.1 3
LSz 0.0* 0.05 121 9.9 22.0 27.0 4
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* Zero ambient flow is included to mimic recirculation where injected sulfate is not lost with
groundwater exiting the target soil volume.

Note 1: For a background death rate of 0.001 d'!, the microbial population did not grow,
the injected sulfate was not utilized, and the TOR was over 200 years based primarily on
the dissolved phase exiting the source soil volume. Setting the background microbial
death rate to 0 allowed the biomass to grow slowly (limited by the utilization rate); very
little of the injected sulfate was utilized.

Note 2: For a background death rate of 0.001 d! and no ambient flow through the soil
volume, the microbial population did not grow, injected sulfate was not utilized, and the
TOR was infinity. Setting the background death rate to 0 allowed the biomass to grow.

Note 3: The initial distribution of excess sulfate (8,000 mg/L) was utilized or washed out
of the soil volume in 3 to 3.6 years; however, the microbial concentration grew and
utilized ambient sulfate entering the volume to complete the process along with
dissolved mass flow out of the volume.

Note 4: The initial distribution of sulfate (8,000 mg/L) was sufficient to deplete benzene
from the calculated residual NAPL; literature-based NAPL required 10,000 mg/L.

Based on the model and underlying assumptions, the concentration of sulfate reducing bacteria
grew to a stationary phase concentration around 3 to 4 mg/L in both zones, when growth
occurred. The growth period was approximately 12 to 24 months in the LSZ. The growth period
in the UWBZ was on the order of 35 to 40 years assuming a zero death rate. The UWBZ growth
was slow and the results were very sensitive to the death rate as a result of the low utilization
rate. The calculated TOR was not strongly influenced by the assumed initial biomass
concentration (0.01 mg/L). Based on the model NAPL compositions, initial sulfate
concentrations exceeding 8,000 mg/L provided no improvement in the TOR and concentrations
above 4,000 mg/L may begin to inhibit sulfate reduction (Al-Zuhair et al., 2008).

Conditions in the UWBZ are known to be evolving (BEM, 2011); therefore, calculations for the
UWBZ were repeated assuming subsurface conditions could be manipulated to improve
utilization rates of hydrocarbons by a factor of ten over the calibrated values from 2011. The
results are provided below in Table 11 where only the higher mass transfer coefficient, higher
utilization rate, and lowest NAPL mass estimate vielded a timeframe less than 20 years.

Table 11. TOR for UWBZ NAPL Depletion with Sulfate Reduction (Utilization x 10)

Aquifer Zone |Ambient] Mass Calculated | Calculated | Literature | Literature
Flow |Transfer| Target NAPL |Target NAPL| Target NAPL |Target NAPL
Coeff. Volume Volume Volume Volume
Porosity=0.3 |Porosity=0.4| Porosity=0.3 |Porosity=0.4
gpm day™ years years years years
UWBZ — Monod 4.4 0.05 92 84 102 126
(Ui Table 8)
UWBZ — Monod 4.4 0.05 27.8 16.6 33.9 41.5
{vi"**x10)
UWBZ — Monod 4.4 0.0042 61.2 42.9 71.3 76.7
{Ui"*x10)
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6. Phase | Feasibility and Implementation Issues

Based on the model and its output, study topics for the first phase of sulfate reduction at the
site include:

1. Will engineered degradation rates yield attainment of remedial objectives in desired

timeframes?

Will the sulfate reducing bacteria (SRB) biomass grow as needed?

What is the optimal concentration for sulfate injection?

Will highly concentrated injections of sulfate be inhibitive to bacterial activity?

Will the injected sulfate become well distributed with respect to NAPL accumulations?

What is the lag time for SRB to acclimate to elevated suifate concentrations (not

included in the model)?

7. Inhibition by other degradation processes and nutrient availability are not included in
the model, are these factors important?

8. Will hydrogen sulfide concentrations or other reaction products inhibit degradation or
will subsurface conditions mitigate their buildup?

9. If/when sulfate is no longer limiting rates of degradation, what will limit the reaction
and what degradation rates can be expected?

10. Is benzene slower to degrade than other aromatics, or faster, or average?

11. Will periodic sulfate injections or recirculation be necessary to sustain degradation
rates?

12. How will the actual depletion of aromatic compounds from NAPL be assessed>

o ukwN

7. Temperature Influences on Solubility and Mass Transfer

No attempt was made to evaluate the timeframe for remediation of residual NAPL remaining in
the steam treated zones because reliable estimates for the remaining mass are not available.
However, increases in NAPL component solubilities and increases in the mass transfer
coefficient resulting from elevated temperature were evaluated in Appendix C. Anticipated
source discharge groundwater concentrations at various temperatures are presented in Tables
C-2 and C-3.
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Appendix A
Depletion of Two-Component NAPL Assuming Equilibrium

if the mass transfer coefficient between NAPL and groundwater is very high, we can assume the
groundwater is in equilibrium with the NAPL leaving only a mass balance on the NAPL for a
solution. The groundwater concentration is equal to the equilibrium concentration through
Raoult’s Law,

Ny

Cl = NN
total

sat __ sat
G =101

Assume the NAPL consists only of a water soluble component 1 at low mass fraction with the
remaining mass made up of insoluble component 2. The total mass of a two-component NAPL
can be expressed as,
Myapy = My + My = NMy + N, M,
Nyapp = Ny + N,
Myapr, = My + My = Nyap (Y1 My + ¥, M)
m is mass, M is molecular weight, N are moles and y are mole fractions. Component 2 is insoluble
so that the mass does not change and assume this mass is significantly larger than the mass of
component 1 in the NAPL. Then, we find approximately,
Ampyapy, = Amy = Ayy My Nyapi,0

Conservation of mass in the averaged volume vyields,

Change in NAPL mass = —Mass Extracted — Mass Degraded

Ampygpy = —QC At — (1 — Sy)@VsAiC AL

Ay
MyNyapro A—tl = —[Q@ + (1 = Sy)eVsAf]Cy
dy; ~_ {Q +(1- SN)QOVSAq Csaty,
dt MiNyapro

-Q—-(1- SN)<PVSA§} Cfatt}

= ex
Y11= 010 pﬂ My Ny aprLo

sat e MNAPLCfat
Cy = y10Ci " expi—[Q + (1 — Sy)eVsA{] Mo t
1MyapLO
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The calculation for time to a specific average groundwater concentration is then,

b= —MiMpyapro In (CRAO>
R0 C3** Myapr[Q + (1 — Sy)@Vsaf] Cio

Appendix B
Volume-Averaged Depletion of Multi-Component NAPL Source Zones

Most sites lack the characterization details of NAPL architecture that would make numerical
modeling meaningful in predicting the fate of NAPL sources zones. Recent advances in specifying
a NAPL source are available with SEAM3D (Waddill & Widdowson, 2000) but require specification
of the full transport and degradation domain and a numerical solution. At the feasibility study
level, a method to compare order-of-magnitude effectiveness and the long-term impact of
disparate technologies and approaches that does not require a major modeling effort is
desirable. Numerous screening level models exist to calculate the downgradient dissolved plume
(e.g., BIOSCREEN) and estimate source life with uncorrelated parameters {e.g., REMFuel);
however, off-the-shelf screening model are not readily available to estimate the time of benzene
depletion from a multi-component NAPL using field variables. Starting with an initial NAPL mass
in a specified source volume and applying remedial alternative-specific parameters for NAPL
dissolution, extraction, and in situ degradation/destruction yields screening level estimates of
NAPL depletion over time with a minimal number of inputs. These order-of-magnitude estimates
follow the approaches described by Johnson et al. {2006) and Chappelle et al. {2003) for
monitored natural attenuation in NAPL source zones.

Governing Equations

Consider the three-dimensional, transient transport of contaminants dissolving from an
immobile, multi-component NAPL dispersed in an aquifer. The governing equations including
aqueous phase biological (or other) reactions are (Waddill & Widdowson, 2000; Clement et al.,
2004),

aC; acads g aC; 9 . acy
220D (5, 95 2 () =g 2224
at ¢ dt ox; dxy/  0x; ¢ Ot

Ob aoads C_ads
———=§| G~

¢ ot kg,
Py 9C; .
ga—é = —ky((; — C})

These equations represent the dissolution of component i from the NAPL (CN = concentration in
the NAPL) into adjacent groundwater, its partitioning between the soil solids and groundwater
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(C29s = concentration adsorbed to solids), and its movement with groundwater through the
aquifer (G = dissolved concentration in water). Assuming instantaneous equilibrium between the
dissolved and adsorbed concentrations (based on typical NAPL source zone dimensions and
groundwater velocities) introduces the usual retardation coefficient {modified to include the
NAPL saturation) and reduces the transport problem to two equations for the water and NAPL
concentrations:

oC¢; 0 ac;\ 0 vio  Pp0CY
ot = (Prams) ~ o ()~ -G
Py 9C; ]
s 61; = —ky(C; — )
Poka;
Ri=1-Sy+ p l

Additional nomenclature includes,

seepage velocity of ground water
NAPL saturation

v
S

Biological degradation processes for terminal electron acceptors (TEA) are included in a simplified
form assuming zero and first order degradation and/or Monod kinetics depending upon site
conditions:

TEA TEA TEA

rp = z 0 order + Z 1st order + Z Monod
L m n

Different processes may occur in different portions of the soil volume. The equation for the NAPL
concentration represents a mass balance on the NAPL and therefore it is interdependent on the
NAPL saturation Sn. In addition, the mass transfer coefficient ky; is also dependent on the NAPL
saturation (Miller et al., 1990) as well as the water velocity. C*; represents the equilibrium
concentration of component i in water governed by its pure component solubility and Raoult’s
law and thereby its concentration in the NAPL. Other assumptions include:

¢ NAPLisimmobile

e concentration gradients within the NAPL mass itself resulting from surficial dissolution
are ignored

e NAPL is non-wetting to the soil (the entire solid surface is available for adsorption)

e Biological degradation occurs solely in the dissolved phase

However, the assumptions for uniform NAPL distribution and homogeneous soils are not strictly
applicable. In the derivation below, the mass transfer coefficient for the NAPL is defined to
capture variability in distribution and heterogeneous flow by averaging over the source zone
volume.
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To avoid complex numerical solutions, we can integrate over the NAPL contaminated soil volume
to obtain a volume-averaged dissolved phase concentration within the source zone {Marble et
al., 2008; Johnson et al.,, 2006). For illustration the NAPL-impacted soil volume is assumed to be
rectangular (Vs = HxWxL) and the groundwater flow unidirectional, however the volume can be
of arbitrary shape defined by field conditions and the flow can be fully three-dimensional without
limitation on the averaging. After integrating in the y- and z-directions and applying associated
boundary conditions, the x-direction integration vields the following expressions,

ac; 1 (L o aC; 1L 9 . dcy
Ri— = —f (D l) dx' — —f — (v, Cdx’ — 7P — o2
X X

Yot T L) 0x' T ox LJ)_y0x L g dt
pbdéN . —
s d; = —ky(C; — C})

The average dissolved phase concentration within the source zone soil volume is defined by,

- 1 1
C; =mfff6i(x,y,z)dx dy'dz :VsﬂfCi(x,y,z)dx dy'dz

The averaging assumes biodegradation is uniform throughout the integrated volume. Assuming
properties are uniform over the source zone volume, Vs, assuming the NAPL saturation varies
slowly with time, and carrying out the integration in the dissolved phase governing equation
yields,

dfi Dxx L d GCL , Vs L d , _bio . —~
N W (o L o B R SR MG

° dC;  Dyr 0G|
Pdt T L ox’

v . .
- Tx(ciﬂf;':g — 7P + ky (CF =€)

x'=0

Assume the source zone is well mixed (i.e., concentration gradients are near zero and the exiting
dissolved phase concentration equals the average concentration) and that water entering the
source zone has a zero concentration to find,

dc; 1 o
S —Z(chi) =7+ ky (G —C)
dcC; Q1.- . o
id—tl = - [m] Ci = 7% + ky (€ ~ C)

Q = v pWZ

Consider the definition of the NAPL phase concentration and rewrite the equation in terms of
moles in place of mass,
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1 dm{ M; dN)
PV dt ¢V dt

Pde—iN_Pbd m’
¢ dt ¢ dt\p,Vs

Raoult’s Law applied to the NAPL and water partitioning is written as,

Substituting yields two governing equations for two unknowns (dissolved phase concentration
and number of moles in the NAPL) for each component of the NAPL,

dc; 1 _ JkyC5% Fpio
_L:__[i‘!'kNi]Ci‘*' N"’_NlNiN_ i
dt ~ Rilevs M RNY. . R;

dNiN:_[QszkN,iCisatl N [¢Vsk1v,i] =

N
dt M;NN. . t M; !

To complete the problem specification, the mass {mole) balance for the multi-component NAPL
defines the total number of moles in the NAPL and the average NAPL saturation,

N
n:
Mo = 2= 0 3
” ¥ 2
2 2

N
Mtotal 1 N 1 N
Sy = = m; = M;:N;
Y Vs qusst l chpst. o

i

The coefficients are explicitly dependent on the NAPL saturation {i.e., total number of moles)
along with the retardation and mass transfer coefficients. However, these parameters change
slowly with time and can be held constant over small time steps with little loss in accuracy. The
two governing equations are easily solved numerically using standard Runge-Kutta methods by
holding the coefficients constant during a time step and then recalculating the coefficients using
the new concentrations and mole fractions. Higher order schemes can increase accuracy. At the
end of a time step, we can calculate the number of moles remaining and the new NAPL saturation
along with an updated mass transfer coefficient (Clement et al., 2004),

B
Sy
ky; =ky <_)
i N, SI(\)I

If the NAPL has components that exist as a solid in pure phase at the system temperature {e.g.,
naphthalene), the equilibrium concentration includes a fugacity ratio and the new concentration
must be checked to ensure it does not exceed the solubility limit of the solid phase before taking
the next time step. If so, the concentration must be corrected to the solubility limit to avoid
incorrect conditions suggesting precipitation.
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Biological Degradation Processes

In the volume-averaging above, the biological degradation processes are assumed to apply
throughout the NAPL-impacted soil volume. Models of degradation include three types: zero
order, first order and Monod kinetics. An example of a zero order process in the volume-averaged
model is the entry of background electron acceptors into the soil volume where it is assumed
they are instantaneously utilized. First order processes are commonly applied and assume the
degradation is exponential proportional to a single decay rate constant and the dissolved
hydrocarbon concentration. Monod kinetics include dependencies on electron acceptors,
hydrocarbon concentrations, as well as biomass growth, nutrient availability, and inhibitions.
Each degradation model is described below.

Zero Order Model

Biological degradation processes limited by the availability of terminal electron acceptors (TEA)
from upgradient sources include aerobic degradation (dissolved oxygen), nitrate reduction, and
sulfate reduction. If TEA are completely depleted before exiting the source zone {independent of
degradation location), the processes can be modeled as zero order in the volume-averaged
approach. The TEA mass rate into the soil volume is the total groundwater flow entering
multiplied by the upgradient TEA concentration. The mass rate of TEA is divided by stoichiometric
use factors to estimate the total mass degradation rate of dissolved hydrocarbons,

Ebkgrnd Ebk@lrnd Ebkgrnd

Frero — Q 07 NOg _ 502—_ f;
e\ Ty Ty e
1= z fi= _Cl
CTotal
CTTOtCll - Cl

Nomenclature includes,

Eﬁg‘ﬂ’"d = upgradient concentration of TEA entering source zone (mg/L)
YA = terminal electron acceptor use coefficient (g/g)

in this formulation, dissolved hydrocarbons are assumed to utilize the TEA in proportion to their
concentrations. More detailed weighting strategies for utilization of TEA among the dissolved
hydrocarbons could be employed. The electron acceptor use coefficients are based on average
stoichiometric values for hydrocarbon oxidation (USEPA, 1998) and independent of individual
compound.

y°2=3.1 MNO3=3.0 7%= 4.0

First Order Model
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In first order processes, the degradation is assumed exponential according to a single decay rate
constant and is proportional to the dissolved hydrocarbon concentration,

AT = (1= SyYATEAC,
ATEA = first-order degradation rate constant for the TEA process considered (1/day)

The NAPL occupies pore space (saturation) and is subtracted from the pore volume in which
degradation occurs. This model is most often applied when the TEA are not limiting and the
dissolved hydrocarbon concentration is low. Natural processes that most nearly occur
throughout the source soil volume, assuming sufficient biomasses exist, include manganese
reduction, iron reduction and methanogenesis. The manganese and iron reductions are reaction-
rate limited and continue until the soil solids are depleted of these soluble electron acceptors.
Methanogenesis is generally self-sustaining as it produces more carbon dioxide (the electron
acceptor) than it consumes and therefore is limited by the rate of reaction and concentration of
biomass but continues indefinitely.

Monod Kinetics

Monod kinetics should be used to model transient systems wherein degradation rates are
expected to vary with changes in concentrations of hydrocarbons and/or electron acceptors.
Assume a slug of TEA is injected and mixed to an average, uniform concentration instantaneously.
Following the formulation in SEAM3D (Waddill & Widdowson, 2000), assuming nutrient
availability, and ignoring inhibition, we write:

~Monod __ Mrga max ETEA C—i MTEA GTEA
T - I
K + C o)

= — —
i I,TEA
¢ rEA T ETEA

GTEA pmax ETEA Ci _
LTEA Lea + Erga) \K*4 + G

Etea is the dissolved concentration of TEA, Mrea represents the microbial concentration
associated with the specific TEA, and other variables are,

vﬂ%ﬁ maximum specific rate of hydrocarbon i utilization for the microbial population

Kz, = effective half-saturation constant for TEA
KiTEA = effective half-saturation constant for hydrocarbon i using TEA

A conservation equation is also required for the TEA concentration and volume-averaging yields,

dETEA - _ ]: Q } (E bkgrn(l) . MTEA TEAG.TEA
dt (i) Vs(l — SN) TEA ~ “TEA t

Erga(t=0) = EQgu
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The remaining unknown in the model is the microbial concentration. The microbial population
(Mrea) associated with the TEA is assumed to grow when an excess of TEA is available in
comparison to the dissolved hydrocarbon mass. The growth of the microbial population,
following the instantaneous introduction of excess TEA, is illustrated in the Figure below.

i { i

+ Raeghon 2
Exponential

5t
rash

» Hegion 4

Provay phase,

Time

Hlustration of Microbial Growth

Conservation of mass for the microbial growth and associated “effective” death, neglecting the
lag phase shown in the figure above, yields

dM
dT;EA = Mrga [_'M}"EA + Z e EA]
i

Myga(t =0) = Mg,

A%, = effective death rate of microbial population associated with TEA
YiTEA = biomass yield coefficient (mass of microcolony per mass of utilized substrate i)

The microbial growth stops when insufficient hydrocarbon mass is available and the process
enters the stationary phase. This condition is represented by {(Waddill & Widdowson, 2000),

If[ Mrga 2 % YV/PAC; | then Y4654 =0
In general, the effective death rate is zero with an excess of TEA and sufficient hydrocarbon mass.

As the TEA and/or hydrocarbon mass deplete to low levels, the microbial population begins to
die off at a “background” rate. This condition is represented by (Waddill & Widdowson, 2000),
Aga = maximum[0, AL — yTEAGTEA]

For screening calculations we can assume the TEA use coefficient and the biomass yield
coefficient are averages for the dissolved hydrocarbons.
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Appendix C
Parametric Variation of the Mass Transfer Coefficient

A priori specification of the mass transfer coefficient for residual NAPL in the field is difficult as
very little field data exist {Zheng et al., 2010; Mobile et al., 2015; Mobile et al., 2016). Decades
of research are available from column studies {Mayer & Miller, 1996; DiFilippo et al., 2010).
Column studies do not capture soil heterogeneity influencing flow paths around NAPL
accumulations or the heterogeneity in the distribution of NAPL in such soils. In addition, most
of the research has focused on a single component NAPL as compared to the multi-component
NAPL considered here. As a result, most models including complex numerical models assume
jocal equilibrium between NAPL and groundwater, i.e., if a discretized node contains NAPL the
water in the node is assumed to be at the equilibrium concentration. This approach is only valid
when groundwater velocities are relatively slow and node volumes are relatively small.
However, the TEE Pilot Test included a mass transfer testing at ST012 (Kavanaugh et al., 2011,
ESTCP Project ER-20083). Subsequent evaluation of the data led to published values for the
mass transfer coefficient ranging from 0.022 to 0.6 d! {Mobile et al., 2016). The relatively large
range reflects the high degree of heterogeneity at the site. A baseline value of 0.05 d is
assumed for the conditions of the mass transfer test.

To adjust the parameter for different aquifer conditions and to assess differing remedial
processes and strategies, a method is required to modify the baseline NAPL mass transfer
coefficient for changes in velocity (i.e., pumping rates), increases in temperature, and
reductions in NAPL saturation from extraction or dissolution. To make these adjustments, a
parametric form of the dissolution rate constant is employed as suggested by Clement et al.

(2004),
o (SW\7C Dy [ Re \"5® Upwdso
kyi=kyil <5 ™o (_0) , Re=——
"A\Sy D; ) \Re 7

Where,

ky; = NAPL mass transfer coef ficient
Sy = average NAPL saturation
D; = aqueous dif fusion coef ficient of NAPL component i
Re = Reynolds Number
U = Darcy velocity

O = superscript designating the base case
This relationship is based on the many column tests performed in studying single component
NAPL dissolution (Mayer & Miller, 1996) with both homogeneous and heterogeneous NAPL
distributions. This expression can account for changes in temperature by adjusting the
properties (diffusion coefficient, viscosity, water density). The solubility of NAPL components
are similarly adjusted for the change in temperature. Substituting the Reynolds number,
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0.75 0.598
K .:ko.(S_N> (2)(@@) (2
NI N, SI(\)I Dlp ﬂwp\(}/ [Jo

Consider next the velocity in terms of a pore volume exchange rate designated by q,

Q

9=
®Vs
Q = total groundwater flow rate through Vs
Vs = volume of NAPL — impacted soil
¢ = total soil porosity

Substituting this expression into the parametric relationship for the velocity and noting the
porosity is a constant vyields,

0.75 0.598
k .:ko.(s_zv) (2)(&&) (1)0'598
METINASY) \DY) \ww pl q°

For the mass transfer test described in Mobile et al. (2016), the total flow and estimated NAPL
mass are found in the TEE Pilot Test Evaluation Report (BEM, 2011) in Table L.2.4.3.

The flow rate {(Q) through the NAPL-impacted soil volume of each zone is readily specified. The
flow was calculated for ambient groundwater conditions and presented in Table 1. Flow for a
specific remedial alternative is a basic design parameter and straightforward to estimate. An
increased or decreased flow rate also has an auxiliary relationship with the NAPL mass transfer
coefficient as discussed below. Values of g presented in Table 5 suggest, under ambient
conditions, the saturated pore volumes of the UWBZ and LSZ are flushed roughly every 15 and
25 years allowing a long residence time for material entering the volume {e.g., terminal
electron acceptors).

Table C-1. NAPL Mass Transfer Parameters at Ambient Temperature
from the Mass Transfer Test (MTT) and Estimated Conditions for EBR

Parameter LSZ-MTT LSZ-EBR
Mnart (gal) 71,672 54,821
Vsoil (yd”3) 18,730 38,500
Snapt () 0.058 0.024
Q (gpm) 35 3.5
q (1/day) 0.038 0.00185
Kn benzene (1/day) 0.05 0.0042

The influence of temperature changes on the mass transfer coefficient can also be assessed
with the parametric equation shown above. To determine the coefficient at a new
temperature, values of the aqueous diffusion coefficient, water density, and water viscosity at
the new temperature are compared to the base temperature as indicated in the expression.

-32 -

ED_005025_00000882-00032



The change in the dissolution rate also requires determining the change in equilibrium

groundwater concentration. Modeled equilibrium groundwater concentrations at ST012 at
various temperatures are presented in Tables C-2 and C-3 for the UWBZ and LSZ, respectively.
These concentrations also represent the groundwater exiting the NAPL source zones at various

temperatures following steam treatment. The aqueous solubility of each compound was
determined from data and correlations published by the International Union of Pure and

Applied Chemistry {IUPAC).

Table C-2. Equilibrium Groundwater Concentration of UWBZ Model NAPL Components
at Varying Temperatures from IUPAC Correlations

CH NAPL Component / Mole T=25C | T=40C | T=55C | T=70C | T=90C
Surrogate Compound Fraction Ced Ced Ced Ced Ced
y (mg/L) | (mg/L) | (mg/l) | (mg/L) | (mg/L)
6 Benzene 0.00347 6.268 6.610 7.350 8.653 11.552
7 Toluene 0.00966 5.373 5.859 6.815 8.332 11.546
8 Ethylbenzene 0.01114 2.091 2.309 2.745 3.456 5.023
8 m&p-Xylenes 0.01987 3.211 3.550 4.232 5.347 7.813
8 o-Xylene 0.00712 1.491 1.645 1.952 2.450 3.545
10 Naphthalene* 0.00542 0.182 0.327 0.624 1.244 3.264
9 1,2,4-Trimethylbenzene 0.02029 1.120 1.254 1.527 1.985 3.039
9 1,3,5-Trimethylbenzene 0.00456 0.221 0.248 0.303 0.395 0.607
9 1-Methyl-3-ethylbenzene 0.01890 0.671 0.752 0.919 1.198 1.843
9 Isopropylbenzene 0.00284 0.329 0.368 0.446 0.578 0.878
9 n-Propylbenzene 0.00385 0.194 0.217 0.264 0.343 0.524
10 1,2,3,5-Tetramethylbenzene 0.06151 1.726 1.935 2.363 3.081 4,741
11 1-Methylnaphthalene 0.02334 0.654 0.948 1.375 1.995 3.276
6 2-Methylpentane 0.00129 0.018 0.018 0.020 0.025 0.036
7 2-Methylhexane 0.03576 0.091 0.090 0.101 0.124 0.182
8 3-Methylheptane 0.14716 0.215 0.214 0.238 0.292 0.431
9 2-Methyloctane 0.09832 0.047 0.047 0.052 0.064 0.095
6 Cyclohexane 0.03915 2.153 2.273 2.633 3.292 4.883
7 Methylcyclohexane 0.08716 1.248 1.317 1.525 1.908 2.829
8 Dimethylcyclohexane 0.03735 0.314 0.331 0.384 0.480 0.712
9 Isopropylcyclohexane 0.06307 0.196 0.206 0.239 0.299 0.443
5 n-Pentane 0.00000 0.000 0.000 0.000 0.000 0.000
6 n-Hexane 0.00397 0.038 0.038 0.042 0.052 0.078
7 n-Heptane 0.04232 0.144 0.143 0.160 0.198 0.296
8 n-Octane 0.05846 0.024 0.024 0.028 0.037 0.062
9 n-Nonane 0.04568 0.010 0.010 0.012 0.015 0.026
10 n-Decane 0.04143 2.15E-03 2.14E-03 2.54E-03 | 3.47E-03 6.33E-03
11 n-Undecane 0.04104 1.81E-04 1.80E-04 2.13E-04 | 2.91E-04 5.30E-04
12 n-Dodecane 0.03268 1.21E-04 1.20E-04 1.42E-04 | 1.95E-04 3.55E-04
13 n-Tridecane 0.02299 6.67E-05 6.63E-05 7.85E-05 | 1.07E-04 1.96E-04
14 n-Tetradecane 0.01021 2.25E-05 2.23E-05 2.64E-05 | 3.62E-05 6.60E-05
TOTAL 1.0000 28.0 30.7 36.4 45.8 67.7

*Naphthalene has a fugacity ratio of 3.3 (solid at 25 C)

The heavier aromatic compounds (e.g., naphthalene; 1,2,4-TMB; 1-methylnaphthalene) are the

NAPL components most influenced by increases in temperature.
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Table C-3. Equilibrium Groundwater Concentration of LSZ Model NAPL Components
at Varying Temperatures from IUPAC Correlations

Ci NAPL Component / Mole T=25C | T=40C | T=55C | T=70C | T=80C
Surrogate Compound Fraction Ced Ced Ced Ced Ced
y (mg/L) | (mg/l) | (mg/L) | (mg/L) | (mg/L)
6 Benzene 0.0116 20.877 22.017 24.482 28.822 38.476
7 Toluene 0.0342 19.041 20.763 24,151 29.528 40.919
8 Ethylbenzene 0.0143 2.692 2.973 3.535 4.450 6.467
8 m&p-Xylenes 0.0225 3.642 4.028 4.801 6.065 8.862
8 o-Xylene 0.0085 1.781 1.965 2.331 2.927 4,234
10 Naphthalene* 0.0042 0.143 0.256 0.488 0.974 2.555
9 1,2,4-Trimethylbenzene 0.0100 0.550 0.615 0.749 0.974 1.491
9 1,3,5-Trimethylbenzene 0.0033 0.162 0.182 0.222 0.290 0.446
9 1-Methyl-3-ethylbenzene 0.0104 0.370 0.414 0.506 0.660 1.015
9 Isopropylbenzene 0.0025 0.294 0.328 0.398 0.515 0.783
9 n-Propylbenzene 0.0033 0.169 (0.189 0.230 0.298 0.455
10 1,2,3,5-Tetramethylbenzene 0.0323 0.905 1.015 1.239 1.616 2.486
11 1-Methylnaphthalene 0.0122 0.341 0.494 0.717 1.040 1.707
6 2-Methylpentane 0.0382 0.534 0.532 0.594 0.728 1.074
7 2-Methylhexane 0.0662 0.168 0.167 0.187 0.229 0.337
8 3-Methyltheptane 0.1120 0.163 0.163 0.182 0.222 0.328
9 2-Methyloctane 0.0567 0.027 0.027 0.030 0.037 0.055
6 Cyclohexane 0.1331 7.321 7.728 8.952 11.194 16.605
7 Methylcyclohexane 0.1108 1.586 1.674 1.939 2.424 3.596
8 Dimethylcyclohexane 0.0219 0.184 0.194 0.224 0.281 0.416
9 Isopropylcyclohexane 0.0369 0.114 0.121 0.140 0.175 0.259
5 n-Pentane 0.0211 0.801 0.798 0.894 1.103 1.651
6 n-Hexane 0.0372 0.353 0.352 0.394 0.486 0.728
7 n-Heptane 0.0531 0.181 0.180 0.201 0.249 0.372
8 n-Octane 0.0400 0.016 0.016 0.019 0.025 0.043
9 n-Nonane 0.0255 5.60E-03 5.57E-03 6.47E-03 | 8.54E-03 1.46E-02
10 n-Decane 0.0220 1.15E-03 1.14E-03 1.35e-03 | 1.85E-03 3.36E-03
11 n-Undecane 0.0215 9.48E-05 9.42E-05 1.12E-04 | 1.53E-04 2.78E-04
12 n-Dodecane 0.0170 6.30E-05 6.27E-05 7.42E-05 | 1.02E-04 1.85E-04
13 n-Tridecane 0.0120 3.47E-05 3.45E-05 4.08E-05 | 5.59E-05 1.02E-04
14 n-Tetradecane 0.0053 1.17E-05 1.17E-05 1.38E-05 | 1.89E-05 3.45E-05
TOTAL 1.0000 62.4 67.2 77.6 95.3 1354

*Naphthalene has a fugacity ratio of 3.3 (solid at 25 C)
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